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Reflection and Transmission (cont'd...)
The acoustic impedance of a material is given by:
where ρ is the density and c is the speed of sound. The acoustic impedance is measured in Pa·s/m.
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Attenuation
When a sound wave propagates through a medium, its is also attenuated with distance, often modeled as:
where x is the propagation distance, α is the attenuation coefficient, and A 0 is the amplitude of the transmitted wave.
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What can we measure?
From the received sound waves we can directly measure attenuation (damping) and speed of sound, as a function of wavelength (frequency).
From attenuation and speed of sound we can calculate various properties, such as: Reflection and transmission coefficients Fluid density Elastic properties (viscosity, Young's modulus, Bulk modulus, etc.) Since sound propagation is a particle motion, we can also use sound velocity measurements to estimate volume flow rate. The perceived speed of sound is the sum of the flow rate and the wave propagation speed.
We can also model the physics of the wave propagation in terms of other material/system properties and use numerical methods to solve the inverse problem.
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Acoustic Properties of Materials
Speed of sound in different media:
Gases: 250-400 m/s. Water: 1400-1550 m/s. Plastics: Very different, but typically in the range 2500-3000 m/s (for PMMA).
Steel: ≈5800 m/s. Aluminium: ≈6420 m/s.
All depend on temperature, sound frequency, and pressure. The frequency of the received signal will shift depending on the flow velocity, i.e. a Doppler effect.
where f is the frequency of the received wave, f is the frequency of the transmitted wave, θ is the angle between the flow and the sensor, c is the speed of sound, and v is the average flow velocity. The transit time of the sound differs upstream and downstream of the flow, as
Cross-correlation flowmeter
where D is the distance between the sensors, θ is the angle between the flow and the sensors, c is the speed of sound, and v is the average flow velocity.
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Application examples (cont'd...)
Velocity profile measurements
Going into more advanced instrumentation, it is possible to use the backscattered signals as a "fingerprint" (speckle pattern) of the entire flow profile. Cross-correlating two consecutive pattern, we can create a velocity profile of particles in the flow. Modeling the reflections and transmissions at boundaries between the layers, and losses within the layers as a linear (dynamic) system and then using the measured pulse to estimate the model parameters, we get 
.)
A look at the model error reveals that there are some un-modeled variations, but not too much. 
Idea
Speed of sound and attenuation depend on molecular properties of gases, i.e. the composition.
Gas flow can already be measured using ultrasound.
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Analysis of energy gases (cont'd...) Research approach
Develop techniques for accurate and robust estimation of speed of sound and attenuation, based on physical knowledge of the system. Use some empirical regression technique to connect acoustic properties to gas composition, including also knowledge of temperature and pressure. 
Measurements on upgraded biogas
First, we used the measured pulse to see how speed of sound and attenuation change with gas composition. 
Then, correlate the measured quantities (acoustic properties, pressure and temperature) with gas composition. This can be modeled from physics, given the probability density function of the particle sizes. Parameters of the probability density functions are unknown. Attenuation as function of frequency can be measured.
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Estimation of particle size distributions Strategy
Assume particles follow a certain distribution, described by some parameters, θ 1 , θ 2 , and θ 3 . If the parameters were known, we could estimate the attenuation of ultrasound. Make an initial guess of the parameters and compute the modeled attenuation as function of frequency, let's call this α(f ).
Compare with the measured attenuation α(f ) and form the cost function
Use this error to update the guess of the parameters.
Iterate! 
Estimation of particle size distributions
Estimated particle size distribution before (dashed line) and after (solid line). True particle sizes are known to be approximately 37-54 μm. 
